Within the framework of the cultural heritage conservation, stimulated infrared thermography has already demonstrated its efficiency. However, sometimes, the different colors of the paint layer can lead to artifacts of detection. In this work, we show theoretically and experimentally that the combination of a PPT analysis and of the stimulated infrared thermography allows a significant reduction of this disturbing optical effect.
Introduction
Within the framework of the conservation and the restoration of cultural heritage, a lot of laboratories are studying the possibilities of nondestructive testing using passive or stimulated Infrared thermography . Among the research teams, we can cite the « Laboratoire de Recherche des Monuments Historiques » (LRMH), the « Centre interdisciplinaire de Conservation et Restauration du Patrimoine » (CICRP) and the « Groupe de Recherche en Sciences Pour l'Ingénieur » (GRESPI) of the Reims University. These three laboratories have worked together for over 10 years. This collaboration has already shown, using stimulated infrared thermography, the possibility to detect delamination located in heritage murals paintings (painted walls of the church of "Saint Florentin" in "Bonnet", painted ceilings of the Abbey of "Saint Savin sur Gartempe" -World Heritage of UNESCO ...) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . However, one of the problems encountered during this collaboration was the variable sensitivity of the pictorial layer according to the excitation flux. This difference in sensitivity can, in some worst cases, leads to artifacts of detection. In this work, we aim to reduce this disadvantage. With this objective, we have associated a PPT analyze (Pulse Phase Thermography [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] ) to the stimulated infrared thermography. Indeed, we believe that this disruptive optical effect is rather of energy nature while those due to the presence of defects are also of temporal nature. Therefore, we believe that the phase images (with a temporal nature), resulting of a PPT post treatment, can reduce the optical disruptive effect. To test this hypothesis, we proceed in two steps: First we developed a series of theoretical simulations. Then we developed a series of experiments. This is the approach and the results obtained that we present here.
Principle of frequency analysis used
The frequency analysis method used for this study is a PPT (pulse phase thermography) analysis type. It consists first to briefly illuminate the artwork to analyze. It consists then to collect the photothermal signal emitted by the artwork. This first response already allows the detection of possible defects. But it is energy nature. Indeed the resulting photothermal signal is proportional to the temperature rise induced by the flash excitation. It is sensitive first to optical effects caused by the different colors of the paint layer of the studied artwork. It is sensitive then to an inhomogeneous energy deposit. This is precisely what is to be reduced. We cannot simply work with the first type of response. We have to add a post treatment leading the analyses of a parameter little sensitive to the deposited energy. Or the Fourier principle says that any mathematical function can be modeled by a sum of trigonometric functions (1) This representation in the Fourier space, introduces for each frequency two characteristic parameters: the amplitude and phase of the analyzed function. This new representation of the photothermal signal presents two advantages. First, it gives access to two characteristic parameters which reduces detection artifacts. It permits then the access to the phase of the photothermal signal. This parameter measures the delay of the photothermal response compared to the excitation. It is then of temporal nature and not of energetic nature. It is then less sensitive to optical effects caused by the paint layer (with different colors) of the artwork studied. This explains its use in this work. The principle of the frequency analysis implemented in this study consist then, after flash analysis, to calculate the Fourier transform of the photothermal signal to obtain the harmonic response of the artwork studied (2).
RH (f) = TF [RI (t)]
(2)
Theoretical study
To test our approach, we have developed a series of simulations. They use the finite element method to model the photothermal experience associated with the study. The analyzed sample ( Figure 1 ) is a plaster block (because its thermo-physical properties are very close to those of a mural painting). Its geometric dimensions are the followings: the length is equal to 160 mm. The width is equal to 120 mm. The thickness is equal to 20 mm. Its thermophysical properties are the followings: The thermal conductivity is equal to 0.4 W / m K. The density is equal to 1100 kg / m 3 . The heat capacity is equal to 830 J / kg K. The thermal diffusivity is equal to 4.3810 -7 m 2 /s. In order to simulate the presence of delamination, we considered six air strip located in this sample. We considered that these defects were rectangular and had the same geometric dimensions. Length and width are equal to 20 mm. Their thickness is equal to 4 mm. Their depths vary from 2 mm to 12 mm by steps of 2 mm ( the sample scan is done from top to bottom and then from left to right). The thermophysical properties taken into account for these defects are those of the air, taken for a temperature equal to 20 ° C. The thermal conductivity is equal to 0.026 W / m K. The density is equal to 1.17 kg / m 3 . The heat capacity is equal to 1006 J / kg K. Finally, the thermal diffusivity is equal to 2.22 10 -5 m 2 / s. Finally, to simulate the optical effects caused by the paint layer, we have on one hand, divided the surface of our sample into two parts. The first covers the defects located at 4 mm, 8 mm and 12 mm deep. The second covers defects located in 2 mm, 6 mm and 10 mm deep. We have imposed on the other hand an energetic flux 1.5 times more important on the second part relative to the first part. The excitation signal is a crenel. Its duration is equal to 2 seconds. The analysis duration is equal to 200 seconds. The acquisition frequency is equal to 1 Hertz. The deposited power is equal to 1500 W. Finally we considered a model without thermal losses.
Fig.1. View of the sample theoretically studied
In figure 2 , we present the thermograms obtained at t = 28 s, t = 91 s, t = 177 s and t = 200 s. They show, as waited for a different photothermal signature at the place of the defects. They also show that these signatures are very disturbed by the energy deposition inhomogeneity. Figure 4 shows, for the same frequencies, phase images obtained. They show on the one hand, the possibility to detect the six defects present in the studied sample. They show on the other hand, a good rejection of the optical effects caused by the paint layer. We can observe indeed, a homogenous photothermal signature in the healthy parts of the sample. The PPT frequency post treatment type seems then, theoretically, permits a better detection of defects located in a mural painting, via a partial rejection of optical effects caused by the paint layer. 
Experimental study
Following this encouraging theoretical study, we switched on to an experimental study. The sample studied is presented in Figure 5 . It is a plaster block. It is covered by a paint layer composed of 20 square parts with different colors. The colors chosen permit first to cover the visible spectrum (violet, green, blue, and yellow, orange, red). This choice permits then to study opposed radiative properties. Thus the black color permits to take into account a high absorptivity. The white color permits to take into account a high diffusion. Finally, the silver color allows taking into account a high reflectivity. Finally, these different colors permit a spatial inhomogeneity of energy absorption. The geometrical dimensions of this plaster block are the followings: The width is equal to 68 cm. The height is equal to 50 cm. the thickness is equal to 5 cm. 32 Extruded polystyrene inserts were introduced into the sample. These are discs of 20 mm diameter and 2 mm thick. They were placed at a depth equal to 5 mm. They were distributed so as to cover the entire surface of the studied sample.
Fig.5. The analyzed sample
This sample was analyzed with the SAMMTHIR system of the laboratory. This has three main parts. First, it includes a couple of halogen lamps to excite the sample. Then, it include an infrared thermography camera SC655 type, to collect the photothermal signal. It includes still a data acquisition electronic. It includes finally a computer control. The experimental conditions used for the study are the followings: First the infrared thermography camera is located in front of the studied sample. The distance between the camera and the sample studied is equal to 150 cm. The light sources are placed on either side of the camera. This geometrical configuration permits to light symmetrically and uniformly the studied sample. The excitation angle is equal to about 45 degrees. The distance sample existing between the sample and the light source is about equal to 60 cm. The power of these lamps is equal to 500 W. The excitation is a crenel type. The duration of the excitation is equal to 60 seconds. The duration of the analysis is equal to 194 s. The acquisition frequency of the photothermal signal is equal to 1 Hz. An example of result obtained is presented in Figure 6 . There are raw thermograms obtained at the instants t = 10 s, t = 60 sec and t = 120 s. They clearly show the possibility to detect the majority of insulating inserts in the studied sample. They also show very clearly the important influence of the paint layer on the photothermal signal collected. In figures 7 and 8, we present then the results obtained after PPT frequency analysis type. Figure 7 shows the amplitude pictures obtained. They correspond to the followings frequencies: 5.15 mHz, 10.30 mHz and 0.9 Hz. They show as theoretically expected that these signatures allow first a partial detection of the defects located in the studied sample. They also show that they are still very sensitive to an inhomogeneity energy deposition. 
Conclusion
In this work, we approached the possibilities of a PPT frequency analysis type associated with stimulated infrared thermography, to improve the restoration and conservation of works of art. We first noted that if the nondestructive testing of artworks by stimulated infrared thermography was already very powerful, it could be disrupted by the different colors of the paint layer. We then presented the principle of our approach. The latter considers that the disturbances caused by energy deposition inhomogeneity could be reduced by a temporal analysis of the collected photothermal signals. In our case, this temporal analysis is characterized by an analysis of the phase pictures of the harmonic response calculated by Fourier transform of the pulse response obtained by flash analysis. In order to confirm this hypothesis, we developed a theoretical study based on numerical modeling 10 .21611/qirt.2016.012 of the photothermal experience using the finite element method. We showed first that the amplitude pictures allow a correct detection of defects, but they remain very sensitive to optical effects caused by the paint layer. We showed on the other hand, that the phase pictures allow a correct detection of the defects and also a significant reduction of the optical effects caused by the paint layer. Finally, we developed an experimental study to confirm the theoretical results. We then show during the study of a multicolored mural painting with the SAMMTHIR system of the laboratory, that the phase pictures allow an important rejection of optical effects induced by different colors the paint layer. These results are very encouraging. They seemed to allow the improvement the nondestructive testing of works of art by stimulated infrared thermography. They are now asking on one hand, to be generalized. They ask on another hand to be confirmed during in situ analysis. Studies going in this direction are in progress.
